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The title of this article poses a question to which the brief answei must be that at the present time we do not know how sterol biosynthesis is regulated in higher plants. This is despite the fact that a great deal has been learned in the last decade about the mechanism of control of mammalian sterol biosynthesis. Perhaps a more appropriate question to ask now would be: is plant sterol biosynthesis regulated? Plants are prolific producers of secondary metabolites, many of which are isoprenoids, and they include a vast array of steroid and triterpenoid saponins, the steroidal alkaloids and the large quantities of triterpenes found in the latex and resins of some plants. Faced with this diverse structural array of terpenoids, many accumulating in such large amounts as to be suggestive of waste products rather than essential constituents, it is tempting to conclude that perhaps there is indeed no tight control on terpenoid biosynthesis in some plant tissues. However, it is intellectually difficult to concede that in any normally functioning cell the metabolism will be allowed to run uncontrolled with the accumulation of unlimited amounts of certain products. Since there is good evidence that sterols play an important role in plant membrane structures, as they do in animals, it seems intuitively reasonable to believe that in plants the rate of sterol production and the conversion of sterol into other forms such as steryl esters and steryl glycosides will be subject to regulation to meet the changing needs of the plant cell. This article will review the present evidence pertinent to this topic and will also discuss the methods available for measuring rates of plant sterol synthesis.
Sterol synthesis during seed development, seed germination and seedling growth
Changes in the concentration and composition of the free and esterified sterols during seed development and germination have been investigated in several plants. The sterol in mature seeds may have originated either by synthesis within the developing seed itself or have been transported to the seed from a site of synthesis elsewhere in the plant. There is some evidence for the transport of sterol within plants (Atallah et al., 1975) but its significance in relation to seed development has not been examined. However, the identification in seed oils (Itoh et al., 1973) of significant amounts of cycloartenol, 24-methylenecycloartanol and other precursors of sitosterol and campesterol (the major sterols of many seeds) suggests that sterol synthesis actually occurs in situ during the development of the seed following pollination. Studies on developing cereal seeds (Davis & Poneleit, 1975; Torres & Garcia-Olmedo, 1975; Palmer & Bowden, 1977) show that there is a severalfold increase in sterol concentration (expressed on a per seed basis) as development progresses, thus indicating the existence of an active sterol Abbreviation used: HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA. biosynthetic system. During the development of the seed there is a concomitant conversion of free sterol into steryl ester (Davis & Poneleit, 1975; Kasprzyk et al., 1968) which can be correlated with the decline in the moisture content as the seed matures (Skarsaune et al., 1970) . It can be imagined that as seed dehydration occurs enzymic activity will be adversely affected and that the rate of sterol biosynthesis will progressively decline. This could lead to the accumulation of the sterol precursors such as cycloartenol and explain their occurrence in some seeds in amounts which are often significantly greater than found in actively growing plant tissues. One inference from this suggestion is that the enzymes operating in the later stages of sterol biosynthesis (e.g., those responsible for C-4 and C-14 demethylation, C-24 transmethylation and opening the 9/3,19-cyclopropane ring) decline in activity more rapidly than the enzymes of the first part of the sequence which produce polyprenols, squalene and cycloartenol.
An important observation on the biosynthesis of sterols in developing pea (Pisum sativum) seeds was made by Baisted (1971) following an earlier observation that the seeds of this plant contain a significant amount of the pentacyclic triterpene, /3-amyrin, in addition to sitosterol (Baisted et al., 1962) . Baisted (1971) found that the incorporation of [2-14Clmevalonic acid into sterol was most efficient in immature developing seeds examined 10 days after anthesis and that incorporation into sterol then declined gradually in samples taken at intervals up to 24 days after anthesis, while mature seeds produced no labelled sterol during the early stage of germination. By contrast, the proportion of radioactivity incorporated into squalene, cycloartenol and 24-methylenecycloartanol increased as development progressed from day 10 to day 16 after anthesis. There was then a dramatic change in the labelling pattern, with b-amyrin appearing as the most highly labelled triterpene in 24-day old developing seeds and b-amyrin and squalene were the only labelled compounds produced during the initial stage of seed germination. These observations reveal that in this seed the rate of sterol synthesis is first regulated by a decline in utilization of 24-methylenecycloartanol, presumably by a loss in C-4 demethylase activity. Accumulation of squalene, cycloartenol and 24-methylenecycloartanol is then alleviated by loss of squalene-2,3-oxide : cycloartenol-cyclase activity and its replacement by an active squalene-2,3-oxide : 8-amyrin-cyclase, possibly as a result of cyclase synthesis and degradation. It has been suggested that a similar change from cycloartenol to pentacyclic triterpene formation may occur during Sorghum bicolor grain development (Palmer & Bowden, 1977) . However, since a change in cyclization product represents no energy saving to the developing seed it is difficult to imagine the purpose of this process. Baisted (1971) has suggested that the change in the relative activities of the two cyclases may be a consequence of the increasing electrolyte concentration in the pea seed as dehydration occurs during maturation. Alternatively, it can be speculated that there is in fact only one cyclase protein and that the change from cycloartenol to /I-amyrin production arises from a modification of the cyclase by proteolytic action, oxidation of -SH groups or changed salt concentration. This 603rd MEETING, LIVERPOOL 549 could result in the squalene-2,3-oxide assuming the folding conformation at the active site of the enzyme which then favours the production of P-amyrin rather than cycloartenol. Presumably the squalene-2,3-oxide :fl-amyrin-cyclase is relatively stable and remains in the dormant seed until inbibition of water, with the result that P-amyrin, and not sterol precursors, are again produced at the onset ofgermination (Baisted, 1971) .
During germination and seedling development there is an increase in free sterol (Grunwald, 1 9 7 5~; Duperon, 1971; Kemp et al., 1967a; Geuns, 1973; which may in part result from hydrolysis of steryl ester reserves in the seed (Torres et al., 1976; Hughes & Goad, 1983) . It seems that in some seeds the capacity of the endosperm or cotyledons for sterol synthesis is rather low or even absent during the initial stages of germination (Kemp et al., 19676; Baisted, 1971; Shrewry & Stobart 1974a; McKean & Nes, 1977) .
During the early phase of embryo axis growth the sterol requirements for new membrane formation may be met by transfer of sterol from the seed store (Torres et al., 1976) although this could not be demonstrated in Pinuspinea seedlings (McKean & Nes, 1977) . However, as the seedling axis develops it acquires the ability to synthesize sterol as revealed by the incorporation of [2-14C]mevalonic acid into sterol (Geuns, 1973; Shrewry & Stobart, 1974a; Fang & Baisted, 1975; McKean & Nes, 1977) . Also, increases have been observed during pea seed germination in the activities of the enzymes catalysing the conversion of mevalonic acid into squalene and the possibility has been considered that prenyltransferase may be a rate-limiting enzyme in the regulation of isoprenoid synthesis in these seeds (Green & Baisted, 1972) .
The incorporation of [2-14Clmevalonic acid into the sterols of maize shoots (Threlfall et al., 1967; Kemp et al., 1968) , germinating hazel seeds (Shrewry & Stobart, 1974a ) and other plant tissues (Grunwald, 1975a) has revealed that a significant proportion of the newly synthesized 4,4-dimethylsterols are present in the esterified form. This is puzzling, since for conversion of these precursors into sitosterol, the C-4 demethylation step must proceed through a 3-0x0 intermediate which is clearly not possible with the 3-hydroxy group esterified. This has led to the suggestion that ester formation may therefore be a means of regulating sterol production under conditions where excess 4-methylsterols are being produced (Grunwald, 1975~) .
Eflects of light, temperature and age on sterol synthesis
In an early study on the effect of light on plant isoprenoid synthesis Goodwin & Mercer (1963) found that although illumination of etiolated maize seedlings initiated synthesis of carotenoids there was no marked stimulation of sterol synthesis. By contrast, dark grown Digitalis purpurea (Jacobsohn & Frey, 1968) and etiolated maize seedlings (Hirayama & Suzuki, 1968 ) have a considerably higher sterol content than light grown plants. Similarly, Bush et al. (1971) found that the total sterol and free sterol concentrations of etiolated barley shoots were a little higher than in green shoots. The etiolated barley shoots had a stigmasterol : sitosterol ratio of 0.44 but upon exposure to light the proportion of stigmasterol increased, indicating that light may not only affect the overall amount of sterol in a plant tissue but it may also have a bearing on the sterol composition. The influence of light intensity on leaf sterol composition has also been revealed with Nicotiana tobacum, although in this case shading was shown to promote an increase in the proportion of stigmasterol (Grunwald, 1978) . Bae & Mercer (1970) have also reported that a change in sterol composition occurs when Solanum andigena plants are transfered from long-day to short-day illumination.
Illumination of etiolated seedlings of Digitalis purpurea with red light increased the free sterol and steryl glycoside content and this response was also seen to a lesser extent after exposure VOl. 11 to far red light (Jacobsohn et al., 1978) . It appeared that the response to red light may be seasonal and the greater stimulation in sterol biosynthesis occurs when the endogenous sterol concentration is low. In a biosynthetic study with Helianthus tuberosus tuber tissue Hartmann et al. (1972) observed that far red light exposure increased the incorporation of [ 1-14Clacetate into sterol.
An investigation of the effects of light intensity on sterol synthesis in shoots of Calendula oflcinalis revealed that although the incorporation of 14C02 into sterols was increased by higher light intensity there was little difference in the incorporation of [ l-14C]acetate or [2-14Clmevalonic acid at the three light intensities tested (Kasprzyk et al., 1971 ). However, light was shown to stimulate incorporation of [2-14C]mevalonic acid into free campesterol and sitosterol and for the first 6-9 h into the esters of cholesterol and stigmasterol by N. tobacum seedlings when compared with the incorporations attained in the dark (Bush & Grunwald, 1973) . The mechanism(s) whereby light modifies the rate and pattern o$ sterol synthesis is not yet understood although it has been suggested that it may be a phytochrome-mediated process (Hartmann et al., 1972) .
The effect of temperature on plant sterol biosynthesis has been examined in only a few species. Davies & Finkner (1972) found that maintaining wheat plants for 21-28 days at 1 or 10°C resulted in some reduction in the sterol content of the shoots but not in the roots. However, Wilmott (1980) reports an increase in sterol content of wheat after low temperature hardening. When winter rape (Brassica napus) was hardened at low temperatures there was a decrease in the free sterol content of the leaves (Sikorska & Farkas, 1982) . In an investigation over a 19 month period the sterol content of leaves of dandelion (Taraxacum oficinale) was highest during the winter months (Westerman & Roddick, 1981) which apparently contrasts with the situation in rape plants. Jusaitis et al. (1 98 1) have reported an increase in the sitosterol : stigmasterol ratio in Auena satiua as temperature decreases.
The sterol content of plant tissues appears to increase with age (Grunwald, 19756) and this may be related to changes in membrane structure which accompany senescence (McKersie et al., 1978; Lee & Thompson, 1980 ). An investigation of [2-14C]mevalonate incorporation into terpenoids by Buxus semperuirens leaves revealed a seasonal change in the labelling pattern of the triterpenes (D. Abramson & L. J. Goad, unpublished work). In the first half of the year squalene labelling was low while triterpene monols (cycloartenol, lupeol and germanicol) and triterpene diols (betulin and moradiol) were approximately equally labelled. In the last half of the year squalene and triterpene monols were equally labelled with triterpene diols containing little radioactivity. However, while in the earlier part of the year the labelling of the three triterpene monols was roughly equivalent, in the second half there was a pronounced change with cycloartenol becoming the major labelled product. This reveals a seasonal change in the activities of the various squalene-2,3-oxide cyclase enzymes, although its relevance to sterol production is obscure since incorporation of label into sterol was uniformly low at all times of the year. The effect of ageing on potato tubers has been found to increase incorporation of [ l-l4C1acetate into sterol and sterol precursors. In particular, the increased formation of 24-methylenecycloartanol prompted the suggestion that cycloartenol : Sadenosylmethionine methyltransferase may be an important regulatory enzyme in this tissue (Hartmann & Benveniste, 1974) . Geuns (1975) has also suggested that C-24 alkylation of cyloartenol may be the rate-limiting step in sterol production by mung bean (Phaseolus aureus) hypocotyl sections and he has concluded that sterol synthesis is most rapid in actively growing and differentiating plant tissues. Groeneveld & Koning (1976) have also observed that young internode tissue of Hoya australis gives the most efficient incorporation of [14Clacetate or mevalonate into sterols, while in older tissues the 4,4-di-methylsterols are more highly labelled. Thus, it may be that the apparent increase in sterol content of older plant tissue (Grunwald, 1975a) does not result from enhanced sterol synthesis but rather from a decrease in the rate of conversion of sterol to other metabolites.
The influence of plant hormones on sterol synthesis
The most striking effect of gibberellic acid treatment of hazel seeds was an increased incorporation of [2-14Clmevalonate into the steryl esters of the cotyledons (Shewry & Stobart, 1974a) and an increase in activity of mevalonate kinase in the embryonic axes but not in the cotyledons (Shewry & Stobart, 19746) . Long-term exposure of barley stem segments to gibberellic acid caused a reduction in sterol content (Jusaitis et al., 1981) but in pea plants there was an increase in free sterol and a decrease in steryl glycoside (Westerman & Roddick, 1982) .
Abscisic acid is reported to have no effect on maize sterol synthesis (Mercer & Pughe, 1969) . The sitosterol level in Solanum xanthocarpum decreased after indole acetic acid treatment (Heble et al., 197 1) . By contrast, naphthalene acetic acid caused an increase in sterol synthesis in mung bean tissue (Geuns & Vendrig, 1974; Geuns, 1975) , indole acetic acid increased sterol production in Euphorbia tirucalli callus cultures (Biesboer & Mahlberg, 1979 ) and removal of 2,4-dichlorophenoxyacetic acid from the growth medium of a carrot cell tissue culture resulted in a decrease in [2-"Clmevalonate incorporation into sterol (Nishi & Tsuritani, 1983) .
The role of HMG-CoA* reductase in plant sterol regulation
It is now firmly established that HMG-CoA reductase is the most important regulatory enzyme in mammalian sterol synthesis (Beg & Brewer, 1981) . The occurrence of this enzyme in plants and its relationship in the biosynthesis of polyprenols and isoprenoids has already been discussed in detail in this Colloquium by Hemming (1983) and therefore further discussion is restricted to a few brief points. The recognition that HMG-CoA reductase occurs in three locations in pea leaf cells (Brooker & Russell, 1975 ) is in accord with the requirements of the compartmentalization theory first advanced by Goodwin & Mercer (1963) . Isoenzymes of mevalonate kinase have also been shown to occur in the chloroplast and cytosol of some plant cells (Hill & Rogers, 1974) . This compartmentalization of enzymes could permit independent regulation of the production of different isoprenoids in the chloroplast (e.g. carotenoids, plastoquinone) or cytosol (e.g. sterols). The modulation of P. sativum HMG-CoA reductase activity in these compartments by various factors has been investigated (Brooker & Russell, 1979; Russell & Davidson, 1982; Wong et al., 1982) . A significant recent observation was that removal of 2,4-dichlorophenoxyacetic acid from the medium of a carrot cell culture resulted in decreased incorporation of 14Clmevalonate into sterol and this was accompanied by a marked decline in activity of the microsomal HMG-CoA reductase (Nishi & Tsuritani, 1983) . There is evidence that the HMG-CoA reductase in the latex of Hevea brasiliensis is activated by a cytosolic factor and phosphorylation may lower its activity (Isa & Sipat, 1982; Sipat, 1982) . It can be expected that this topic of isoprenoid regulation will receive increasing attention in the future.
Measurement of rates ofplant sterol synthesis
When the amount of sterol in a tissue changes it is often difficult to decide if this is due to a true change in the rate of synthesis or is a result of increased, or decreased, conversion to another metabolite or it may even be due to a large change in the amount of some other cell constituent if sterol concentrations are being calculated on a per g dry wt. basis. The correct interpretation of results obtained from incorporation studies of radioactive precursors administered in tracer amounts can also prove difficult. For example, low incorporations may result from use of an inappropriate precursor, poor uptake or excessive dilution with an endogenous pool, thus leading to an underestimation of the true rate of synthesis. Conversely, use of a precursor which enters the biosynthetic pathway after a rate-regulating step can result in an overestimation of the rate of synthesis which bears little relationship to the true physiological situation. These problems have received detailed attention in investigations on mammalian sterol biosynthesis (Anderson & Dietschy, 1979) . Mevalonate is not a suitable precursor for some investigations since it enters the pathway after the rate limiting enzyme, HMG-CoA reductase (Beg & Brewer, 1981) , and therefore its use does not necessarily give a measure of the true rate of carbon flux into sterol. Acetate is considered to have certain limitations and [l-14Cloctanoate has been suggested as an alternative for animal studies (Dietschy & McGarry, 1974) . However, the method now most widely used to measure rates of sterol synthesis in mammalian tissues employs 'H,O. This will equilibrate with all intracellular pools of water and its specific activity can therefore be accurately determined (Lakshmanan & Veech, 1977) although the use of 3H,0 is not without problems (Anderson & Dietschy, 1979) .
We have investigated several labelled precursors to find the most suitable for measuring the rate of sterol synthesis in suspension cultures of Acerpseudoplatanus (N. S. Ryder & L. J. Goad, unpublished work). The points of entry into the biosynthetic pathway of the substrates tested are indicated in Scheme 1. The major sterols in the Acer cells used were stigmast-7en-3~-ol (29%), spinasterol (26%), stigmasterol (21%) and sitosterol (13%). Therefore the calculations of rates of sterol synthesis (Table 1) assumed that C,,-sterol was the major labelled product. It was first established that the concentrations of substrates indicated in Table 1 were the saturating concentrations which gave maximum rates of sterol synthesis. Leucine was included since it is suggested that it may be an important precursor to some terpenoids (Suga et al., 1980) . However, [14C]leucine, and also [14C10ctanoate, gave very low rates compared with the other precursors. ['4C1Mevalonate always gave a considerably higher rate of synthesis than that measured with [I4Clacetate, which suggests that HMG-CoA reductase may play a regulatory role in these plant cells, as it does in mammalian tissues. On the other hand the enzymes acetate thiokinase, acetoacetyl-CoA thiolase and HMG-CoA synthase cannot be excluded as regulatory factors in the conversion of acetate into mevalonate in plants.
When ['*C]acetate or [14C1mevalonate are used at saturating substrate concentrations (Table 1) it can be argued that they are revealing the maximum capacity of the plant tissue to synthesize sterol rather than the true physiological rate, which may simply be limited by precursor availability. The use of [methyl-"Clmethionine or 'H,O can remove this objection since their incorporation into sterol is dependent upon the flux of carbon from a precursor source into sterol (Scheme 1). Accordingly, when [methyl-14C1methionine was used, it gave a rate of sterol synthesis about the same as that obtained with [14C1acetate (Table l) , again indicating a pre-mevalonate regulatory step. Methionine (as S-adenosylmethionine) provides the methyl groups required for introduction of the C, and C, units at C-24 of typical plant sterols (Goad, 1977) . Therefore the rate of incorporation can be a good measure of the flux of carbon from simple precursors into cycloartenol (the preferred substrate for the first transmethylation step) and thence pn to 4-demethyl sterol. Since in Acer cells the sterols were predominantly C,,-compounds the assumption was made for the purpose of calculating the rate of sterol synthesis that two [14Clmethyl groups were incorporated per molecule of sterol synthesized. However, it is apparent that if in some plants C,,-sterol (one 'H from 'H,O is introduced at the several reductive steps which occur in sterol synthesis (see Lakshmanan & Veech, 1977 , for the labelling pattern of cholesterol). To calculate the absolute rate of sterol synthesis using 'H,O it is essential to know the number of pmol of 'H incorporated per pmol of sterol synthesized. The theoretical value for mammalian sterol biosynthesis can range from 7 to 22 (7 from the medium H+ and up to a maximum of 15 from NADPH) depending upon the extent to which exchange occurs between 'H,O and NADPH (Lakshmanan & Veech, 1977; Anderson & Dietschy, 1977 (Lakshmanan & Veech, 1977) .
9 to 24, apparently indicating very differing degrees, ranging from low to complete, of the equilibration of NADPH with 'H,O (Lakshmanan & Veech, 1977; Anderson & Dietschy, 1979) . With higher plant sterols the maximum number of 'H atoms introduced per molecule (assuming complete NADPH exchange with 3H,0) can vary from 22 to 24 depending upon the sterol produced (Scheme 2). It should be noted that in higher plants, compared with mammalian sterol synthesis, two additional ' H atoms are introduced, one at C-19 (due to opening the 9p, 19-cyclopropane ring of cycloartenol) and the other at C-28 (due to the apparent need to isomerize the side chain A24(28) bond to the AZ4(,9 position prior to reduction). For Acer cultures we found, using a technique similar to that of Lakshmanan & Veech (1977) , that 20-21pmol of 'H were incorporated per
This value was used to calculate the rate of sterol synthesis given in Table 1 , which was lower than the rate measured with mevalonate, again suggesting an early rate-limiting step in sterol synthesis. The mobilization of significant pools of post-mevalonate precursors to sustain sterol synthesis has been observed in Acer cells. [methyl-14C1Methionine incorporation into sterol continued for several hours, but at a decreasing rate as the precursor pool become exhausted, after addition of the HMG-CoA reductase inhibitor ML-236B (Ryder & Goad, 1980) . The significance of these precursor pools will need to be considered since they could buffer sterol synthesis to some extent against short-term regulatory changes in activity of enzymes early in the sterol pathway.
Vol. 11 552 BIOCHEMICAL SOCIETY TRANSACTIONS A series of detailed investigations have been made by Groeneveld and his colleagues on the synthesis of latex triterpenes (lanosterol, cycloartenol and 24-methylenecycloartenol) in the lactifers of Euphorbiu lathyris seedlings to determine the most suitable precursors and to measure rates of synthesis (Groeneveld et ul., 1982; Groeneveld & Roelvinik, 1982n,b) . [ I4C1Sugars, particularly sucrose, were the most effectively incorporated precursors for triterpene synthesis in the lactifers. [I4C1Acetate was poorly utilized, while [I4C]-mevalonate did not contribute at all to lactifer triterpene biosynthesis. By contrast, [14Clmevalonate was efficiently incorporated into squalene, triterpenes and sterols by the other tissues of the E . luthyris seedlings but ['4C]sucrose gave negligible labelling of sterols. These studies have highlighted the importance of the choice of labelled substrate, the problems of precursor uptake and transport by different plant tissues, and the dilution with endogenous unlabelled compounds which must be considered when investigating the biosynthesis of triterpenes and sterols in plants.
Conclusions
There is now evidence that the amounts of sterol and the composition of the sterol mixture can be modified at various stages of plant development or to suit the needs of the plant when exposed to changing environmental conditions. To what extent these changes in sterol concentration are due to increased or decreased rates of sterol synthesis, as opposed to changes in the rate of sterol conversion to other products, remains to be evaluated in many cases. The diverse selection of plant species chosen and the variability in experimental conditions employed in investigations so far reported render general conclusions tentative but there is evidence to suggest that light, perhaps via a phytcchrome-mediated process, and some hormones, particularly the auxins, may play a significant role in modulating the rate of sterol synthesis. It seems desirable that future studies to measure rates of sterol synthesis should employ precursors other than, or in addition to, mevalonic acid since this precursor enters the pathway after one of the potential regulatory enzymes, HMG-CoA reductase. The roles of prenyl transferase, cycloartenol : S-adenos ylmethionine methyltransferase, the squalene-2,3-oxide cyclases, HMG-CoA reductase and the steryl esters, which have all been suggested to have importance in regulation, need to be examined in much greater detail. This should provide an interesting and challenging avenue for plant sterol investigations in the future.
